. However, averaged face growth rate measurements, using chromatographically repurified protein, were found to be virtually identical to those obtained previously using material prepared by dialysis and recrystallization only [11, 12] .
Protein molecules
are not rigid structures and another form of impurity could be protein which is in a different structural conformation.
The evidence suggests that the thermally induced tetragonal orthorhombic transition for iysozyme is based upon a conformational change in the protein structure, and that the orthorhombic form is somewhat stable in the tetragonal phase region [13, 14] . Structural shifts may also occur in proteins as a response to, for example, the solution pH, ionic strength, or binding to specific molecules in the solution.
As in the case of the tetragonal ,,-* orthorhombic shifts for lysozyme, these may be more rapid in one direction than the other, leading to mixed structural populations in apparently homogenous solutions. Thus, one must take the history of the protein into account when assessing purity. The most common method of purity assessment, gel electrophoresis of the reduced and denatured protein, relies on converting the protein into a random coil so that the electrophoretic mobility is only a function of the mass. In such a case, subtle structural changes which may be significant in terms of bioactivity or crystal growth are lost. prompted the following study of the impurities in a commercial lysozyme preparation and the effects of their removal on crystallization behavior. mg/ml, and the equilibration conditions for all crystallization solutions were 0.1M tris buffer (Sigma), 5% (w/v) NaC! (Sigma, analytical grade), with the pH ranging from 7.0 to 8.9 in 0.1 pH unit increments. The plates were sealed with clear tape and incubated at 20 + 0.5°C. Crystal face growth rate measurements were performed using the techniques and instrumentation previously described [25, 26] .
Materials and methods
X-ray crystallographic analysis of lysozyme crystals was performed using a Siemens multiwire area detector mounted on a Rigaku rotating anode X-ray generator. Cu K a radiation was generated at 40 kV and 100 mA, and collimated with a graphite monochromator to 0.3 mm. Data was collected at a crystal to detector distance of 12 cm, with the detec- 
Results
The purity of the protein prepared by cation ex- [28] cannot be estimated as the peak would be overwhelmed by the closely eluting lysozyme peak. However, ovomucoid binds less tightly to cation exchange columns than ovotransferfin or ovalbumin [29] and therefore it is unlikely that its residual concentration in the purified lysozyme would be greater than that of those two proteins. These results do not rule out the presence of other contaminants which do not absorb at 280 nm. However, the presence of such contaminants, assuming they are protein, has not been observed on SDS gels [5, 10, 17] . with the crystals going from the characteristic tetragonal form to a bundled rod habit. Because of their small size, we were not able to confirm their type by X-ray diffraction.
Presumably they are the same as the orthorhombic form previously obtained at basic pH [14] . The third row of Fig. 3 shows the results obtained when the protein was extensively dialyzed against distilled water prior to crystallization. In this case, only bundled rods were found. As in row (2), the rods appear to become finer with increasing pH. Fig. 3, row (1) .
Discussion
The separation of crystal growth effects due to the presence of impurities versus those due to the solution behavior of the macromolecule itself have become important.
A series of publications have recently shown that commercially prepared lysozyme has macromolecular impurities [5, 6, 10] , that added contaminants affect the lysozyme crystallization process [4, 5] , and that lysozyme crystallization can be affected by microbial contamination [6] . We have also found macromolecular impurities to be present, which determination initially led to the use of cation In experiments to test whether exposure to high temperatures (37°C) may be responsible for the appearance of the bundled rod habit crystals at basic pH, we found that the nucleation process is indeed affected, but that subsequent crystal growth is not. However, no conclusive evidence was obtained that exposure to high temperatures results in the appearance of the (presumably) orthorhombic form at basic pH. The nucleation results differ from those previously obtained by Berthou and Joll_s [14] . They found that if the protein solution was preheated at 40°C, then cooled and crystallization initiated at 20°C, only orthorhombic crystals were obtained, with an apparent nucleation rate faster than for the corresponding tetragonal crystals from non-warmed solutions. We find instead that the tetragonal form persists despite the warming, and that the nucleation rate is apparently reduced. Berthou and Joll_s did find a reduction in the nucleation rate of the tetragonal crystals when the pre-warmed materials were subsequently cooled to 4°C, similar to our findings at 20°C. These results suggest that a conformational change is involved. However, if such a change is important to the nucleation of a particular crystal form it is apparently not important for subsequent crystal growth.
These results demonstrate that one cannot rely on a manufacturer's claim of purity by repetitive recrystallization of protein for use in crystal growth studies. Protein crystal growth may be affected by the dialyzable (small molecule) and non-dialyzable (macromolecular) components also present in the bottle. However, even after removal of these components, the protein is itself subject to heterogeneity which may have an even greater affect on its crystallization behavior than either other macromolecular or small molecule components. In this study, very little effect is found on the lysozyme crystallization behavior at basic pH when the macromolecular and small molecule contaminants are removed. The predominate effect may come from heterogeneous forms of the protein itself. We are currently working on isolating these forms, and identifying the alterations responsible for the changes in crystallization behavior.
